Using genomic information from mosquito, red flour beetle, honeybee, mouse, and sea anemone, we have studied the molecular evolution of 91 Drosophila genes involved in eye primordium determination, retinal differentiation, and phototransduction. Our results show that the majority of these gene sequences predate the diversification of endopterygote insects. However, all three functional groups contain a conspicuous fraction of evolutionarily younger genes, which originated by tandem duplication in the lineage leading to Drosophila, whereas gene duplications are rare in other insect lineages. We conclude that the retention of duplicated genes spiked during the early diversification of the higher Diptera possibly due to an extended period of exceptional population size reduction. Genetic data suggest that gene duplication played an important role in the evolution of visual performance in the fast flying higher Diptera by spatial or intracellular subfunctionalization. Developmental gene duplications, by contrast, predominantly retained overlapping expression patterns and preserved partial to complete redundancy consistent with a role in boosting developmental robustness.
Background
The most fundamental progress in invertebrate vision research has arguably been made through the molecular genetic analysis of compound eye development and function in Drosophila (Benzer 1967; Pak et al. 1969; Hotta and Benzer 1970; Hardie and Raghu 2001; Moses 2002) . Four topics have dominated Drosophila eye research: 1) regional specification of the retina primordium in the eye-antennal imaginal disc of the late larva (Pappu and Mardon 2004) , 2) the progressive early differentiation of the retina (Morante et al. 2007 ), 3) terminal differentiation during which the retina acquires its stratified crystal-like cellular architecture (Ready 2002) , and 4) phototransduction, the biochemical conversion of light energy to a neuronal signal (Hardie and Raghu 2001) . Close to 300 genes have thus far been genetically implicated in the development of the Drosophila compound eye based on a keyword gene query in FlyBase (http://flybase.bio.indiana. edu/), and over 30 genes have been studied with regard to their role in the Drosophila phototransduction process (Wang and Montell 2007) . The large number of genes with experimentally documented functions in the Drosophila retina allows for meaningful analyses of the role of gene evolution during the diversification of insect eye development and function.
Complex gene regulatory networks control eye development in the Bilateria (Donner and Maas 2004) . It has been argued that these networks evolved by the intercalation of genetic interactions into an initially simple activation of structural vision genes by a Pax6-like transcription factor (Gehring and Ikeo 1999) . Consistent with this, retinal determination, differentiation, and phototransduction represent interrelated processes at the gene regulatory level. The Drosophila Pax6 transcription factor eyeless (ey) is expressed in the early retinal primordium. At this stage, ey renders undifferentiated cells permissive to the induction of the gene regulatory network that instructs retinal development (Quiring et al. 1994; Pappu and Mardon 2004) . At the transition from retinal determination to differentiation, ey activates the first retinal differentiation gene atonal (ato) (Zhang et al. 2006) . Finally, in the adult retina, ey is essential for the transcriptional activation of opsins, which encode G protein-coupled light receptor transmembrane proteins (Sheng et al. 1997) . The ey gene thus represents a genetic link between determination, differentiation, and phototransduction. Similar bridge building pleiotropy has been noted for other genes in the developing Drosophila eye (Yan et al. 2003; Zhang et al. 2006; Curtiss et al. 2007) . Therefore, to obtain a comprehensive understanding of the evolution of the genetic organization of Drosophila vision, it is necessary to investigate both the retinal regulator and effector genes.
Here, we report results from studying the evolution of 91 Drosophila retinal genes. Our analyses show that the large majority of these genes have homologs in distantly related species and are conserved in the mosquito species Anopheles gambiae and Aedes aegypti, in the red flour beetle Tribolium castaneum, and in the honeybee Apis mellifera (Adams et al. 2000; Holt et al. 2002; Mita et al. 2004; Xia et al. 2004; Honeybee Genome Sequencing Consortium 2006; Tribolium Genome Sequencing Consortium 2008) . However, phylogenetic mapping of gene duplication events reveals exceptional gain of retinal genes by tandem gene duplication in the early lineage leading to Drosophila. Most of the Drosophila-specific duplicated genes have experienced accelerated amino acid substitution compared with their singleton orthologs. Thus, the diversification of duplicated genes shaped the Drosophila retinome to a greater extent than in other models of insect vision. Expression patterns and genetic data suggest that duplicated phototransduction genes explored adaptive trajectories through spatial or intracellular subfunctionalization. Developmental gene duplicates, by contrast, maintained overlapping expression patterns and patterning functions thus not only preserving but likely also waterproofing the genetic control of eye development.
Materials and Methods

Compilation of Query Sequences
To build the query sequence collection, we compiled a list of Drosophila genes that are experimentally confirmed to exert retina-specific functions during primordium determination, differentiation, or phototransduction. Sequences were retrieved by browsing the Drosophila literature, searching the NCBI PubMed literature database with keyword combinations, and by selecting genes from FlyBase that are listed with the GO term retina (66 entries) (Drysdale and Crosby 2005) .
Genome Databases
Mosquito orthologs were investigated in the NCBI genome databases of A. gambiae str. PEST (release 22 March 2002) and Anopheles aegypti Liverpool (release 11 February 2005) . Honeybee orthologs were searched in the NCBI genome database of A. mellifera DH4 (release 10 March 2006). Flour beetle orthologs were searched in NCBI genome database of T. castaneum Georgia GA2 (release 8/17/2005) and in the Glean protein predictions, genome assembly, and unassembled whole-genome sequence reads databases of the Human Genome Sequencing Center at Baylor. In the case of Tribolium, nine Glean gene models were investigated in detail and annotated based on available primary sequence data and expected exon conservation compared with Drosophila ortholog gene structure. Drosophila species genomes were searched as available on NCBI and the University of California-Santa Cruz's Drosophila melanogaster Genome Browser. Noninsect databases including mouse were searched using the Blast function of NCBI. The genome of the sea anemone Nematostella vectensis was searched at Stellabase (http:// evodevo.bu.edu/stellabase/).
Ortholog Search
For each D. melanogaster query sequence, amino acid sequences were retrieved from GenBank and used as queries in searches against the genomes of mosquito, flour beetle, honeybee, and mouse with BlastP or TBblastX (Altschul et al. 1997) . Top scoring similarity hits in the Blast search results were tested for orthology by reciprocal Blast against the NCBI D. melanogaster RefSeq protein database. Orthology was further investigated by molecular phylogenetic reconstruction of relationships between several best scoring genes per species. If orthologs could be detected in insect genomes but not in mouse, Blast searches were carried out against all metazoan genomes accessible at NCBI to establish if the gene was truly missing in vertebrates. If no vertebrate orthologs were detected, we searched the N. vectensis genome database to investigate the possibility of vertebrate lineage-specific gene loss. When Blast searches failed to uncover orthologs outside Drosophila or Diptera (Drosophila þ Anopheles), psiBlast searches were carried out with motifs conserved within Diptera to explore the possibility of fast-evolving, weakly conserved orthologs.
Drosophila virilis orthologs were identified by D. melanogaster gene CG number queries on the OPTIC webserver (Heger and Ponting 2008) . Each putative ortholog was confirmed by reciprocal Blast against the D. melanogaster genome. Orthologs not present in CLADES were searched by Blast against the GLEAN gene models of all Drosophila species genome sequences using TBlastN.
Linkage Analysis
Physical genomic positions of the genes investigated in this study were determined using the Entrez Map Viewer of the D. melanogaster, Ae. aegypti, A. gambiae, T. castaneum, and A. mellifera genomes and FlyBase for the 12 available Drosophila genomes (Clark et al. 2007; Wolfsberg 2007 ).
Gene Tree Analysis
Multiple protein sequence alignments were generated with T-Coffee (Notredame et al. 2000) . All alignments were inspected by eye. All alignments are available in the Supplementary Material online. Gene trees were built from alignments that had been stripped of highly variable regions using the Gblocks algorithm applying the ''less stringent'' setting (Castresana 2000) . Neighbor-Joining and maximum parsimony trees were constructed in MEGA 4.0 based on the JTT amino acid substitution model (Saitou and Nei 1987; Jones et al. 1992; Kumar et al. 1993) . Branch support was assessed by nonparametric bootstrap on 100 data pseudoreplicates (Felsenstein 1986) . For maximum likelihood analysis of gene phylogeny, we used Tree-Puzzle 4.0 choosing the JTT model of protein sequence evolution and default parameters and MrBayes 3.1 with mixed models of protein sequence evolution and default parameters (Ronquist and Huelsenbeck 2003) .
Substitution Divergence Analysis
Nonsynonymous and synonymous substitution divergencies dN and dS were estimated with the yn00 algorithm of PAML version 3.15 implemented on the Phylemon server of the Department of Bioinformatics at the Centro de Investigación Príncipe Felipe (Yang 1997 ).
Relative Rate Tests
Relative rate tests were carried out with Poisson distances as implemented in PHYLTEST 2.0 (Kumar 1996) .
Parametric Bootstrap Analysis
Amino acid sequence alignments were simulated with PSeq-Gen (Rambaut and Grassly 1997) along the assumed opsin gene tree shown in figure 4 applying the JTT model of sequence evolution and homogeneous across-site substitution rates. In all, 500 alignments were generated for each alignment site sample size category. Recovery of the model tree topology was investigated for unweighted maximum parsimony and Neighbor-Joining with JTT distances.
Results
Gene Sequence Age in the Drosophila Retinome
To explore the origin and conservation of the Drosophila retinome, we surveyed the evolutionary age of genes with documented functions in the eye. Excluded from this analysis were housekeeping genes or regulators of universal aspects of organ development such as cell proliferation or planar cell polarity patterning. Gene age was assigned based on the presence of orthologs in the genomes of mosquito, flour beetle, honeybee, and mouse. When orthologs could not be located in mouse, the search was extended to the sea anemone N. vectensis and other Metazoa. When genes had originated from within large gene families, orthology relationships were further explored by molecular phylogenetic gene tree reconstruction. Of 91 genes investigated, 15 were primordium determination genes, 43 were differentiation genes, and 33 were phototransduction genes ( fig. 1 Minimal gene sequence age (GSA) was used to characterize primary sequence evolution. Minimal GSA is based on the phylogenetic depth of the orthology group to which the query sequence belongs. Because GSA is not affected by gene duplications subsequent to the primordial emergence of the gene, it is based on N:N orthology. That is, the query sequence can have paralogs in Drosophila and more than one ortholog in other species (supplementary fig. 1, Supplementary Material online) .
GSA was most homogenous in primordium determination genes, all of which represented transcription factors that were either ancient bilaterian genes (67%) or insect restricted paralogs (33%). This finding was expected for large number of primordium determination genes that have previously been shown to be of ancient origin (Silver and Rebay 2005) but applied also to more recently discovered and less well-characterized genes including the multizinc finger transcription factor Optix binding protein (Obp) and the pipsqueak domain genes Distal antenna (Dan) and Distal antenna related (Danr) (Emerald et al. 2003; Suzanne et al. 2003; Kenyon et al. 2005) . Also, the large majority of retinal differentiation genes were old with ancient bilaterian genes (33) or insect restricted genes (5) and paralogs (2) totaling to 93%. At the same time, the retinal differentiation genes were more diverse and included genes restricted to Diptera (2) or the Drosophila lineage (1).
A more discontinuous GSA distribution emerged for the phototransduction gene group, 88% of which was represented by ancient bilaterian genes and insect restricted paralogs complemented by 12% of Drosophila restricted paralogs (3) or Drosophila orphan genes (1) ( fig. 1 Gene Function Age in the Drosophila Retinome GSA is a poor estimator of gene function age (GFA) because the preservation of gene duplicates often involves the partitioning of ancestral gene functions (subfunctionalization) or the paralog-specific acquisition of novel functions (neofunctionalization) (Lynch 2007) . To gain better insights into the functional history of the Drosophila retinome, we surveyed minimal GFA, which was defined by the phylogenetic distance between Drosophila and the species in which the most distantly related N:1 orthologs of the Drosophila query gene was found (supplementary fig. 1 , Supplementary Material online).
The comparison of GSA and GFA revealed an informative shift ( fig. 1 ). In the retinal determination group, six genes emerged as Drosophila restricted paralogs based on GFA. In the retinal differentiation group, the number of Drosophila restricted paralogs increased from one to eight based on GFA. In the phototransduction group, six genes of ancient GSA were reclassified as Drosophila restricted GFA paralogs. Taken together, the high number of Drosophila restricted GFA paralogs suggested that a large number of ancient genes had experienced relatively recent duplication in the Drosophila retinome. (table 2) . In combination, these findings suggested that all sampled sister paralogs were generated by tandem gene duplication. Moreover, the preservation of genetic linkage was consistent with a more recent accumulation of the gene duplicates in the evolutionary lineage leading to Drosophila considering that linkage tends to dissolve over extended evolutionary time (Zdobnov and Bork 2007) . We further noted that the linked duplicates were distributed over all Drosophila chromosomes (table 2) , indicating against a role of recombination hotspot regions in generating the high fraction of tandem-duplicated genes.
Accelerated Protein Evolution of Duplicated Genes
Investigating the relative timing of the Drosophila gene duplications by molecular phylogenetic gene tree analysis, we noted that many of the resulting gene trees were inconsistent with the Drosophila lineage-specific duplication implied by taxonomic ortholog distribution and genetic linkage. Instead, the tree topology implied duplication events before the diversification of the endopterygote insect lineages followed by repeated loss in honeybee, flour beetle, and mosquito ( fig. 2, 3 , and 4a and Supplementary Material online).
It has previously been shown that long-branch attraction can cause a misleading bias in the inference of gene birth and death histories (Fares et al. 2006; Hahn 2007 ). Long-branch attraction is typically caused by strong substitution rate differences (Felsenstein 1978; Hendy and Penny 1989) . We therefore tested for significant substitution rate differences between duplicated Drosophila genes and their singleton orthologs in mosquito using the Tribolium orthologs as outgroup (table 3). We found that there was only one sister paralog pair, in which both paralogs were not significantly accelerated compared with the mosquito ortholog: BarH1 and BarH2. Tellingly, the BarH1-BarH2 duplicate pair was also the only example for which all tree reconstruction methods supported duplication along the lineage to Drosophila (Supplementary Materials 1 online). In the remaining duplicate pairs, either one (seven cases) or both paralogs (six cases) were significantly accelerated compared with their mosquito ortholog (table 3). For comparison, only one in a sample of 14 nonduplicated retinal genes exhibited significantly faster evolution in Drosophila compared with mosquito (supplementary table 2, Supplementary Material online). Moreover, three of these exhibited a significantly faster rate in mosquito, a scenario absent in the duplicated genes. These results demonstrated that the duplicated Drosophila genes experienced substitution rate acceleration significantly more frequently than nonduplicated genes.
Asymmetric Protein Evolution in Duplicated Genes
We also tested for asymmetric substitution rate differences between the Drosophila sister paralogs as an indication of adaptive protein evolution (Chain and Evans 2006) . Significant substitution rate differences were detected for little more than half (61%) of the sister duplicates (table 3) . Without exception, asymmetrically evolving duplicates were not recovered as sister paralogs in gene tree reconstruction (Supplementary Materials 1 online). Instead, the faster evolving paralog was favored to have split from its sister paralog before the diversification of endopterygote insect lineages followed by independent losses in all lineages except Drosophila. A typical such example was inactivation no afterpotential C (inaC), which has previously been suggested to represent a derived paralog of Drosophila protein kinase C 53E (Pkc53E) ( fig. 2 ; Schaeffer et al. 1989; Smith et al. 1991; Shieh et al. 2002) . Consistent with this, linkage and reciprocal Blast results identified inaC as Drosophila-specific Pkc53E paralog (table 2 and supplementary table 1 
Lineage-Specific Diversification of Insect LongWavelength Opsin Genes
Integrating gene tree reconstruction results with genetic linkage and relative rate test data proved particularly important for understanding the diversification of the Drosophila opsin gene family (Friedrich 2008) . Previous studies have shown that gene duplications preceding the diversification of winged insects generated three major opsin subfamilies that diversified into UV-sensitive, blue (B)-sensitive, and long-wavelength (LW)-sensitive proteins (Briscoe and Chittka 2001; Velarde et al. 2005) . In many species, one or more of these subfamilies are represented by multiple paralogs. Paralog numbers are particularly variable in the LW-opsin clade, which counts three in Drosophila (Rh1, Rh2, and Rh6), four in mosquito (op5, op6, op7, and op14), two in honeybee (Lop1 and Lop2) and one in the flour beetle (G-ops) ( fig. 3 and (Velarde et al. 2005; Jackowska et al. 2007) . Although the evidence for the early split of the three opsin subfamilies is uncontroversial, pinpointing the time points of subsequent duplications within the subfamilies has been less straightforward.
Consistent with previous studies, molecular phylogenetic gene tree reconstruction suggested the selective survival and secondary expansions of insect LW-opsins related to Drosophila Rh6 but repeated loss of LW-opsins related to Drosophila Rh1 and Rh2 with possible exception of the honeybee ( fig. 3a) . However, relative rate tests revealed that all Drosophila LW-opsins were significantly accelerated compared with their mosquito orthologs (table 3) . Moreover, all Drosophila LW-opsins are loosely linked on the right arm of chromosome 3 ( fig. 3b ). Examining linkage in further species for which with sufficient genome sequence coverage had become available, we found consistent linkage of LW-opsin paralogs ( fig. 3b ). Most striking was close linkage of the honeybee LW-opsin paralogs Lop1 and Lop2, which conflicted with the support for an early separation these paralogs by gene tree reconstruction (compare fig. 3a and b) .
We further examined if gene tree reconstruction methods can be expected to recover a gene tree topology that is consistent with the lineage-specific duplication of LWopsin paralogs supported by ortholog conservation and the linkage data ( fig. 3c ). Parametric bootstrap analysis revealed that maximum parsimony and Neighbor-Joining are inconsistent estimators of the Drosophila LW-opsin paralog split in the gene linkage supported gene tree (Supplementary Materials 2 online). We therefore concluded that the breakup of the Drosophila and honeybee LW-opsin subfamilies in gene tree reconstruction resulted from long-branch attraction and that mosquito, honeybee and Drosophila LW-opsins represented independent and lineagespecific LW-opsin expansions.
Retinal Genes in Drosophila-Specific Gene Clusters
In addition to opsins, our analysis uncovered two more retinal genes that originated in the process of Drosophilaspecific gene cluster expansions. Previous studies have shown that the lipid phosphate phosphatase (LPP) lazaro Kwon and Montell 2006) . Exploring the conservation of laza, we failed to identify laza-related gene clusters in other insect genome models. The most closely lazarelated genes in honeybee, flour beetle, and mosquito were orthologous to the tandem-duplicated Drosophila LPP genes wunen (wun) and wunen-2 (wun2; fig. 4a ). Gene tree analysis and relative rate tests suggested that a wun-like LPP gave rise to the laza containing LPP gene cluster, which expanded further and translocated away from its ancestral genomic location. Similar average dS between laza cluster LPPs (3.49 ± 0.39) and between wun and laza cluster members (3.44 ± 1.27) suggested that the expansion of the laza cluster and the breakup of the laza and wun clusters date back similarly deep in time.
The Drosophila inactivation no afterpotential F inaF B gene has been reannotated as one of four tandem clustered genes (inaF B) on the left arm of the Drosophila X chromosome ( fig. 4b) (Li et al. 1999; Cheng and Nash 2007) . Our search for inaF B orthologs recovered only two inaF-related genes in other insect species, which were similarly closely linked in Tribolium ( fig. 4b and Supplementary Material online). Gene tree analysis suggested that an early duplication generated two conserved paralogs followed by two further duplications in the Drosophila lineage ( fig. 4b) . We further noted that Drosophila inaF D and the inaF-related genes of otherspeciesevolvedatsimilarrates,whereasthemorerecently duplicated Drosophila inaF A, inaF B, and inaF C paralogs showed signs of significantly accelerated protein evolution ( fig. 4b and table 3 ). This finding was consistent with the earlier notion that the inaF D paralog represents the most conserved member in the cluster (Li et al. 1999; Cheng and Nash 2007) .
Tandem-Duplicated Retinal Genes Are Exceptionally Enriched in Drosophila
Asking if mosquito, flour beetle, and honeybee were similarly affected by gene duplication, we examined the occurrence of gene duplications during insect evolution by phylogenetic reconciliation analysis (Goodman et al. 1979) . Given the difficulties with gene tree estimation, priority was given to the evidence from gene linkage and taxonomic ortholog distribution. This analysis identified only six gene duplications in the nondipteran insect lineages ( fig. 5 ). Of note, we failed to confirm the previously published duplication of the glucose-methanol-choline oxidoreductase gene neither inactivation nor afterpotential G (ninaG) in honeybee and our analyses supported only one of the three photoreceptor-specific nuclear receptor 
Time Course of Gene Duplicate Accumulation
To obtain insights into the temporal dynamics of retinal gene gain in Drosophila, we determined dS between sister duplicates as a measure of gene duplicate age (Lynch and Conery 2000) . Four duplicates were represented by dS between 1.4071 and 1.7330. The remaining dS exceeded 3.0 falling into the middle of the previously reported genome-wide dS range of Drosophila-duplicated genes ( fig. 6 and Supplementary Material online) (Lynch and Conery 2000) . Plotting dS against dN revealed that all gene duplicates evolved under strong purifying selection as is expected for long-term preserved genes ( fig. 6 ).
We used previously published synonymous substitution divergence data to relate the retinal gene duplicate dS to absolute time ( fig. 6 and Clark et al. 2007 ). The Drosophila Hox3 gene duplicates zerknuellt (zen) and bicoid (bcd) have been shown to date back to duplication during the early evolution of cyclorrhaphan flies between 120 and 170 Ma (Stauber et al. 1999 (Stauber et al. , 2002 Brown et al. 2001; Wiegmann et al. 2003; Yeates and Wiegmann 2007) . Based on the dS of 3.6122 between bcd and zen, the majority of retinal gene duplicates date similarly far back in time. However, we also noted that the dS of gene duplicates that predate the separation of major insect lineages have values close 
Discussion
Of 75 sensu lato gene families investigated in this study, 15% were duplicated in the lineage to Drosophila compared with 4% in Anopheles, 1.3% in flour beetle, and 2.6% in the honeybee. These results raise two questions: what might have been the cause for the disproportional gain of retinal genes in Drosophila and what might have been the consequences for the evolution of retinal development and visual performance? Exceptional Gain of Retinal Genes: Reflecting a Genome-Wide Trend?
Although we sampled only a small fraction of the Drosophila genome by focusing on experimentally characterized genes, the significant excess of duplicated loci compared with other species suggests that it may be a genome-wide phenomenon. Extreme gene duplication would be expected to result in elevated total gene content. However, contrary to this Tribolium and Aedes are characterized by substantially higher numbers of coding loci than Drosophila (Tribolium Genome Sequencing Consortium 2008). These comparisons, however, include gene models with unclear or missing homology for which Tribolium is particularly enriched. Moreover, total gene count is influenced by additional factors such as differential gene loss and adaptive expansions of select gene families. Additional studies, however, will be required to quantify the number of lineage-specific duplications before final conclusions can be drawn. Several further lines of evidence, such as the genomic scattering of the tandem duplications, speak to a genomewide accumulation of duplicated genes in Drosophila. Although sampled, based on retinal function, the genes studied here represent functionally distinct categories. There is, however, no significant difference in duplicate frequency between determination, differentiation, and effector genes (chi-square test: P 5 0.71). This observation is consistent with a general effect of gene duplication on the Drosophila transcriptome. Also of note, most of the sampled genes are either highly pleiotropic or sister paralogs of pleiotropic genes and exercise nonoverlapping functions outside the retina. From this perspective, gene duplication affected Drosophila in a functionally indiscriminate manner.
The persistent linkage of the sister paralogs identifies tandem gene duplication as the driving mutational force. This is consistent with the report that unequal crossing over was the predominant cause of gene duplication during recent Drosophila evolution Heger and Ponting 2007) . Genome-wide analyses have shown that modern Drosophila has experienced gene duplications at similar frequencies as other model species (Lynch and Conery 2000; Hahn et al. 2007 ). These studies have further established that the high frequency of gene duplication mutations is far from being a limiting factor for the rate of duplicate preservation. It is therefore unlikely that historic changes in duplication mutation frequency were responsible for higher gene gain in Drosophila. Also of importance is the evidence of a bias in favor of deletions over insertions in Drosophila (Petrov et al. 2000; Ashburner 2007 ). Dipteran genomes are generally small (,200 Mb) (Petrov et al. 2000; Ashburner 2007 ). The long-term evolution of the Drosophila genome is therefore more likely to have been influenced by mutational sequence loss rather than gain.
The duplication-degeneration-complementation (DDC) trajectory is the likeliest scenario describing the initial preservation of tandem-duplicated genes (Force et al. 1999; Lynch 2007) . During this process, the preservation of the redundant sister loci becomes subject to purifying selection after complementary loss of functions. Pleiotropy is an important facilitator of DDC as the opportunity for subfunctionalization increases with the number of separable genetic functions (Lynch and Force 2000) . Consistent with this is that all of the Drosophila lineage-specific duplicated genes are also characterized by preserved or ancestral pleiotropy (table 4) .
Subfunctionalized paralogs have generally been found to undergo periods of accelerated sequence change (Chain and Evans 2006) . This may reflect relaxation of purifying selection or positive selection for optimizing partitioned functions after the reduction of pleiotropic conflicts. The DDC trajectory is therefore also supported by the pervasive acceleration of protein evolution in the duplicated retina genes. The DDC trajectory has been argued to be a nonadaptive process, which generates opportunity for adaptive change; neofunctionalization not excluded. Regardless of the outcome, fixation and early phase preservation of gene duplicates are influenced by genetic drift in the DDC trajectory (Lynch 2007) . It is therefore reasonable to speculate that periods of small effective population size fostered the accumulation of gene duplicates during the early evolution of the higher Diptera.
Gene Duplication and the Evolution of Drosophila Vision
There is substantial literature on opsin expression in insects, and the long-term effects of gene duplication for the evolution of the Drosophila LW-opsin paralogs has been previously discussed (Friedrich 2008) . The available data suggest that spatial subfunctionalization released Rh1 to optimize motion detection over color discrimination, which are integrated functions of LW-opsins in other species. It has long been noted that the absorption optimum of Rh1 is blue shifted compared with Rh6 and ancestral retinal LW-opsins in non-Drosophila species (Stavenga 1995 ). Ancestral retinal LW-opsins are expressed in both colordetecting and the motion-detecting photoreceptors (White et al. 2003; Wakakuwa et al. 2005) . Drosophila Rh1, in contrast, is specifically expressed in the motion-detecting photoreceptors, whereas Rh6 is restricted to color-discriminating photoreceptors. This decoupling of color and motion detection likely allowed Rh1 to accumulate changes that enhanced motion detection without compromising color vision. The evolution of Rh1 thus represents an example of escape from adaptive conflict by gene duplication (Hughes 2005 evidence to suggest that the blue shift of Rh1 was of adaptive advantage by itself. Of potential significance is that the outer photoreceptors of higher Diptera are unique for the expression of a UV-sensitizing pigment, which enhances sensitivity by expanding the photon capture range (Stavenga 2004) . Rh1 may therefore have been influenced by positive selection to optimize the photon capture range in synergy with the acquisition of UV-sensitizing pigment.
Consistent with this hypothesis is that the fast flying higher Diptera stand out for their exceptional visual performance. Drosophila excels with a phototransduction response that is one of the fastest known among G protein-signaling pathways (Hardie and Raghu 2001) . The dramatically enhanced photoresponse in the members of this clade compared with lower Diptera has long been predicted to correlate with molecular differences (Laughlin and Weckstrom 1993) . This expectation has been forthcoming in a recent study of the Drosophila signaling scaffold protein Inactivation No Afterpotential D (INAD), which revealed the unique conservation of a critical cysteine residue in the higher Diptera (Mishra et al. 2007) .
It may therefore be no coincidence that all of the remaining duplicated phototransduction genes can be hypothesized as having contributed to the evolution of a faster photoresponse in the higher Diptera. Like INAD, INAC and INAF are part of the multiprotein complex that regulates opening and closing of the Ca2þ channel Transient Receptor Potential (TRP) (Wang and Montell 2007) . It is possible that INAC has experienced amino acid changes that facilitated or optimized the binding to INAD. The protein kinase INAC is critical for the termination of photoresponse by phosphorylating TRP, which triggers closing of the channel (Popescu et al. 2006) . The physical proximity of INAC and TRP is established by the binding of both proteins to INAD (Adamski et al. 1998; Kumar and Shieh 2001) . In INAC, this interaction is mediated by the four last C-terminal amino acid residues, which form a PDZ type I ligand motif. This sequence is not present in the sister paralog Pkc53E but conserved in the inaC orthologs of other Drosophila species and the tsetse fly Glossina morsitans (Supplementary Material 3 online) . The physical association of INAD and INAC or at least its molecular basis in extant Drosophila may therefore be derived. Of further potential significance is the evidence that the inactivation of TRP is also controlled by parallel Ca2þ level-dependent mechanisms (Matsumoto et al. 1994; Gu et al. 2005; Popescu et al. 2006) . It is therefore tempting to speculate that IN-AC acquired a novel TRP regulation function during dipteran evolution, which partly sidelined ancestral TRP regulation mechanisms.
inaC expression is highly specific for larval and adult photoreceptor cells, whereas the sister paralog Pkc53E is widely expressed in neuronal cells of the brain and possibly also in the retina (Schaeffer et al. 1989; Van Emden et al. 2006) . It seems reasonable to hypothesize that intracellular subfunctionalization evolved by the specific cellular localization of INAC through its interaction with INAD (ByunMcKay and Geeta 2007). The dramatically accelerated evolution of INAC compared with PKC53E is consistent with substantial protein remodeling after the release from the more generic function in neuronal cells, which is performed by PKC53E.
The second INAD interacting protein with a history of recent gene duplication is INAF B, which represents a small 81 amino acid type II signal anchor protein (Li et al. 1999; Cheng and Nash 2007) . InaF B also binds directly to TRP, an interaction essential for maintenance of both proteins (Cheng and Nash 2007) . Other members of the TRP family are not bound by INAF B in photoreceptors. This specificity is noteworthy considering that the expression of inaF paralogs overlaps inside and outside the retina (Cheng and Nash 2007) . Because INAF proteins are highly conserved and INAF B is essential and sufficient for normal TRP levels in photoreceptors (Li et al. 1999; Cheng and Nash 2007) , it is reasonable to assume that INAF B proteins are universally associated with regulation of members of the large TRP protein family. It is therefore likely that subfunctionalization occurred through protein changes, which secured specificity of INAF and TRP family member interactions. This conclusion is further supported by the acceleration of protein evolution in the inaF A, B and C gene cluster paralogs in contrast to the more conservatively evolving InaF D paralog.
Like inaF B, the LPP laza originated in the course of a recent gene cluster expansion. LAZA, however, is not part of the phototransduction multiprotein complex but rather localized in the endoplasmatic reticulum (Garcia-Murillas et al. 2006; Kwon and Montell 2006) . LAZA is nevertheless involved in the regulation of TRP activation by controlling the levels of diacylglycerol (DAG), a candidate second messenger hypothesized to promote TRP channel opening (Garcia-Murillasetal.2006; KwonandMontell2006) .DAGis producedbytwo pathwaysin Drosophila photoreceptors. One is controlled by light-dependent activation of phospholipase C Retinal Degeneration A (RDGA). The second pathway is the recycling of phosphatidic acid to DAG mediated by LAZA (Garcia-Murillas et al. 2006; Kwon and Montell 2006) .
Phosphoinositide signaling is a conserved aspect of photoreceptor signal transduction. However, this is not clear for the DAG recycling pathway executed by LAZA. Moreover, LPPs are involved in very diverse processes (Pyne et al. 2004 ). The laza paralogs wun and wun 2, for instance, regulate germ cell migration and survival by cell-autonomous and nonautonomous mechanisms (Hanyu-Nakamura et al. 2004; Sano et al. 2005) . Little is known about the roles played by the additional four LPPs in the laza cluster. Genetic evidence, however, implies that laza experienced subfunctionalization, although the details of this evolutionary trajectory are still difficult to conjecture. Spatial subfunctionalization seems unlikely because wun, wun 2, and two of the yet uncharacterized laza cluster LPPs are also expressed in the retina (Garcia-Murillas et al. 2006) . laza, however, is unique in being highly enriched in the retina. Overexpression experiments have shown that laza and wun can act biochemically equivalently in photoreceptor cells (Garcia-Murillas et al. 2006) . wun and wun 2 deficiency, however, has no impact on signal transduction demonstrating a specific requirement of laza in the photoreceptor phosphoinositide signaling.
Based on relative protein evolution rates, laza and its linked sister LPP paralogs appear to have functionally diversified from wun and wun-2. This pattern is suggestive of parallel subfunctionalization trajectories as in the case of inaF A-C. Although highly speculative, one interesting possibility is that the DAG recycling pathway is evolutionarily derived and unique for the higher Diptera. Taken together, this suggests that the evolutionary trajectories of all duplicated phototransduction genes can be hypothesized to have been part of the fine-tuning of phototransduction, which facilitated the exceptional motion-tracking capabilities of higher flies. An interesting corollary question to study will be if the functions of inaC, inaF B, and laza in the Drosophila photoreceptor cells are ancestral or derived, which will allow to determine if their involvement in vision represents examples of neofunctionalization or subfunctionalization allowing for escape from adaptive constraints.
Gene Duplication and the Evolution of Drosophila Development
Developmental and phototransduction gene duplicates in our sample are similarly affected by substitution rate acceleration. This leads to the prediction that developmental genes likewise experienced pleiotropy reduction via spatial subfunctionalization. However, contrary to this expectation, most of the developmental sister paralogs have maintained largely overlapping and in select cases even identical expression patterns (table 4) . This trend applies to both embryonic and postembryonic tissues. This data contrasts with the dramatic neofunctionalization trajectory of bcd (Stauber et al. 1999) and suggests that quantitative subfunctionalization was the predominant consequence of gene duplication in Drosophila development. Quantitative subfunctionalization is an alternate outcome of DDC, whereby degenerative cis-regulatory mutations lead to complementary reduction of sister paralog transcript levels (Force et al. 1999; Lynch and Force 2000) . The generally pleiotropic nature of developmental genes, however, leaves room for the possibility of spatial subfunctionalization or neofunctionalization trajectories in select organs. Indeed, two duplicate pairs are to a great extent differentially expressed during embryogenesis (table 4) . However, genetic analysis of one of these pairs revealed that negative feedback regulation can mask de facto quantitative subfunctionalization. Derepression of the zinc finger transcription gene teashirt (tsh) compensates for its sister paralog tiptop (tio) in tio-deficient embryos. Likewise, tio partially compensates tsh in tsh-deficient embryos (Laugier et al. 2005; Bessa et al. 2009 ). Further genetic data, however, has also revealed that negative feedback loops are not a universal theme in our sample of developmental genes. The pipsqueak transcription factor paralogs distal antenna (dan) and distal antenna related Drosophila Retinome Evolution 1283 (danr), for instance, engage in situation-dependent negative or positive mutual regulation (Curtiss et al. 2007) . spalt major (salm) and spalt-related (spalr), which represent the second example of differential transcript regulation in select cells, do not engage in mutual regulation (Elstob et al. 2001; Cantera et al. 2002; Dong et al. 2003) .
Quantitative subfunctionalization can be considered an inherently neutral DDC outcome having no innovative effects on development and, consequently, phenotype. From this perspective, nonadaptive forces are sufficient to explain the preservation of the developmental gene duplicates. One caveat, however, is the possibility of intracellular subfunctionalization of differential protein-protein interactions. Of further relevance is theoretical and empirical evidence that coexpression of duplicated genes benefits the robustness of gene regulatory networks by buffering stochastic imprecision or stress induced perturbance (Gu et al. 2003; Maslov et al. 2004; Pasek et al. 2006; Dean et al. 2008; Wagner 2008) . Thus, both adaptive and nonadaptive forces may have been at work in the early evolution of developmental gene duplicates in Drosophila. However, the long-term conservation of paralog coexpression seems best explained by the adaptive advantage of developmental robustness. Neutral coexpression would be expected to disappear over long time periods by stochastic compensatory loss and gain of expression patterns in sister paralogs.
If developmental robustness was instrumental in the long-term conservation of paralog coexpression, sister paralogs would be expected to control development in a redundant manner (Wagner 2008) . In line with this reasoning, functional redundancy has been diagnosed for all of the developmental gene duplicates although with varying degrees (table 4). Some of the sister paralog pairs provide redundancy with high precision. Most impressively, BarH1 and BarH2 are characterized by detailed coexpression and full redundancy in all aspects of both embryonic and postembryonic development that have been investigated (table 4) . In addition, BarH1 and BarH2 are also the only example where both paralogs evolved without significant substitution rate differences compared with singleton orthologs (table 3) . This finding is consistent with equally persisting selection pressures on both paralogs to execute ancestral functions.
Another example of high redundancy is the role of tsh and tio in the embryonic trunk epidermis despite their differential expression, in which case redundancy is developmentally and evolutionarily secured by negative feedback regulation (Laugier et al. 2005; Bessa et al. 2009 ). Negative feedback regulation is a widespread state of mutual gene duplicate regulation and has been argued to optimize the precision of gene regulatory networks in development (Kafri et al. 2006) . The BarH1/BarH2 and tsh/tio sister paralog pairs thus speak most clearly for the impact of purifying selection on maintaining developmental redundancy in the Drosophila lineage.
In the majority of the remaining gene duplicates, redundancy is partial in one of two ways. In some cases, only a selection of patterning processes is under redundant control, which confirms that gene duplication can give rise to multiple context-dependent functionalization trajectories. In other cases, specific patterning processes are incompletely buffered by one paralog. Although the developmental and evolutionary significance of organ-specific redundancy remains to be explored further, the available evidence has uncovered of a correlation of redundant control and gene duplication in development. This is particularly true for differentiation genes in postembryonic development including patterning of the retina (table 4) . In summary, expression and function data therefore support a role of developmental robustness in the long-term conservation of sister paralog coexpression in Drosophila. Remarkably, the situation in Drosophila development parallels trends in yeast where gene duplication via genome duplication has similarly been found to have resulted in long-term preservation of redundant gene duplicates (Dean et al. 2008; Musso et al. 2008 ).
Summary Conclusions
Taken together, our findings reveal exceptional gain of genes in Drosophila vision and development by tandem duplication. We also find evidence that gene duplication has played a role in the adaptive evolution of vision and development. This raises the fundamental question of cause and effect. One possible scenario is that the gain of developmental and effector genes was in both cases adaptive but for different reasons and may therefore have been coincidental. In this outcome, adaptive evolution may have been a driver in early gene duplicate preservation. Alternatively, transient changes in nonadaptive population genetic variables may have alleviated the preservation of gene duplicates by DDC trajectories, which then generated adaptive opportunities for vision and development. This would predict a genome-wide effect on gene duplicate accumulation, which is supported by some of the characteristics of the genes sampled here but needs to be tested. Even in this scenario, duplicate enrichment may have been exceptionally pronounced for the specific types of genes investigated herein. This is because large-scale studies of genome duplications show that duplications tend to be generally overrepresented in transcription factors and specific enzyme classes (Taylor and Raes 2004) . Regardless of the outcome, it is reasonable to predict that such studies will produce further important insights into the exceptionally eventful molecular past of higher flies. Also of interest will be to learn how the conserved coexpression of developmental sister paralogs played out at the level of cis-regulatory sequence evolution. Lastly, the evidence of reduced genetic redundancy in Tribolium or Apis compared with Drosophila will be of value for the genetic analysis of development in these satellite models (Brown et al. 2003; Dearden et al. 2006) .
Supplementary Material
Supplementary figure 1, tables 1-4, and materials 1-3 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/)
Valerie Ledent for sharing data before publication; Jason Caravas for assistance with phylogenetic tree analyses and comments; and Tiffany Cook, Wayne Lancaster, Emily Wood, and the two anonymous reviewers for comments and proofreading. This work was supported by a Wayne State University Career Development Chair award and National Science Foundation award EF-0334948 to M.F. and a Wayne State University Rumble Fellowship Award to R.B.
